We demonstrate the generation of few cycle mid-infrared (MIR) pulses from a self-compressed optical parametric oscillator (OPO), synchronously pumped by a 105 fs Yb 3+ doped fiber laser system. By using a ring cavity design, 4.2-cycle (45.3 fs) MIR pulses at a central wavelength of 3250 nm (with a 10-dB bandwidth of 648 nm) are obtained in a simple, practical, and compact configuration. Detailed theoretical analysis and numerical simulation are performed to better understand the self-compression mechanism in such an OPO cavity. In addition, when pumped at 3.8 W, the OPO delivers idler output power up to 330 mW and the corresponding pump depletion is 74.7%.
Introduction
For the past two decades, great efforts have been put forwards to the development of tunable, broadband, femtosecond laser sources. Such light radiations are of great interest for a variety of applications, including high precision nonlinear infrared spectroscopy, remote sensing, as well as strong field light-matter interaction [1] - [3] . To date, optical parametric oscillator (OPO) has been proven to be an effective approach to generate tunable, broadband and high repetition rate pulses from UV to mid-IR [4] - [6] . In practice, for the attainment of output pulses with the shortest possible duration, it would be desirable to deploy broadband ultrashort pump pulses. As a result, by using Kerr-lens-mode-locked Ti:sapphire as a pump source, the potential of the OPOs for the generation of few-cycle pulses has already been demonstrated. A PPLN OPO synchronously pump by 20 fs pulses at 790 nm from a KLM Ti:sapphire laser was reported, generating 3.7 optical cycle pulses at 2682 nm [7] . Recently, Reid et al. also demonstrated the generation of 4.3 cycle pulses at 1.6 μm from a doubly resonant OPO pumped by a mode-locked Ti:sapphire laser [8] .
Femtosecond fiber lasers have gained a rapid progress in recent years due to their robust and low cost, which make them very well suited for direct pumping OPOs. However, it is some kind of difficult for OPO to achieve few-cycle pulse duration directly from femtosecond fiber laser owing to the gain bandwidth limitation and complex nonlinear control. In princinple, pulse duration of OPO's generated pulses is close to that of the pump pulses. To access even shorter pulses from OPO pumped by fiber laser system, special efforts need to be utilized. Pulse self-compression in synchronously pumped OPO has been investigated both experimentally and theoretically [9] - [14] . In this letter, we apply the pulse self-compression mechanism in an Yb 3+ doped fiber-laser pumped OPO to generate few-optical-cycle MIR pulses. By exploiting the extended phase-matching property of MgO:PPLN crystal [15] , idler pulses of 4.2 optical cycles have been generated, with corresponding MIR spectrum spans from 2952 to 3600 nm (at −10 dB) and average output power of 330 mW. Additionally, we obtain broadband signal of 1.25 W average output power for 3.8 W of pump at 74.7% depletion.
Experimental Setup
The schematic of the experimental setup for few-cycle MIR idler generation is shown in Fig. 1 . A home-made mode-locked Yb-fiber laser amplifier system delivering up to 4 W of average power at a repetition rate of 53 MHz is used to synchronously pump the singly resonant OPO. It has a central wavelength of 1037.5 nm, and the 10 dB spectral bandwidth is 41 nm. The corresponding transform limited pulse duration is calculated to be 70 fs. The injected pulse duration to the nonlinear crystal is 105 fs assuming a Gaussian shape. To maintain the output performance in terms of temporal width and noise characteristics, the laser is operated at full power. Besides, the power delivered to the OPO is controlled by using a combination of a half-wave plate and a polarizing beam splitter. A 5 mm long, 8.5 mm wide, 1 mm thick MgO: PPLN (HC Photonics, Tai Wan) crystal with poling periods ranging from 28.5 μm to 31.5 μm in 0.5 μm increment is used as nonlinear crystal for the OPO. Both faces are antireflection-coated over 1300-1750 nm (R < 2%), 2500-5000 nm (R < 4%) and at 1040 nm (R < 1%). In the experiment, the crystal is mounted in an oven maintained at 80°C to avoid the photorefractive effect.
The OPO cavity is designed in a ring cavity configuration comprising of four plane mirrors, M3-6, and two concave mirrors, M1-2. The curved mirrors with 200 mm radius of curvature are chosen such that a beam waist radius of 80 μm inside the nonlinear crystal is achieved. Mirror M2 is gold coated, allowing the pump to be focused directly in to PPLN instead of a lens. The remaining OPO cavity mirrors are dielectric coated. All mirrors are highly reflectivity for the signal (R > 99%) over 1400-1800 nm, highly transmitting (T > 95%) for the pump over 1000-1100 nm, and have a good transmission (T > 70%) for the idler over 2500-4500 nm, resulting in singly-resonant oscillator (SRO) configuration. M4 is mounted on a delay line to provide the required adjustment of the distances. The total optical length of the OPO cavity is ∼2.83 m, corresponding to a repetition rate of 106 MHz, which is set to be twice of the pump oscillator's, thus ensuring synchronization with fundamental pump laser. A beam splitter is utilized to output couple 45% of the intracavity signal power. M4 is used as an output coupler for the MIR idler. Additionally, a Germanium (Ge) filter separates the generated idler from the depleted pump.
Experimental Results and Discussions
In order to characterize the OPO, we initially performed spectral measurements of the mid-IR idler output on crystal period of 30 μm. The idler pulse duration is measured by a home-made interferometric auto-correlator based on two-photon absorption in InGaAs photodetector. For the generation of idler radiation based on self-compression OPO, the group velocity difference between the pump and the signal plays the main role [16] , the cavity dispersion of the signal pulses should be close to zero. For dispersion compensation, custom designed chirped and dielectric mirrors are used (Layertec, Germany). The optics show smooth group delay dispersion (GDD) spectra of ∼−196.3 fs 2 per pass over a wide range for the signal wavelength. Under this condition, four dielectric mirrors M3-M6, which offer approximately −785 fs 2 GDD (group delay dispersion) for the signal, is deployed here to compensate the positive GDD of PPLN crystal (583.5 fs 2 ) and BS (210 fs 2 ). And accordingly, the dispersion compensation of the OPO cavity is well optimized to generated idler pulses in the 2952-3600 nm wavelength range (at −10 dB of peak), as can be seen in Fig. 2(a) . Fig. 2(b) depicts two-photon interferometric profiles of idler pulse (the autocorrelation asymmetric is mainly caused by some non-uniform motion of the translation stage), indicating FWHM (full width at half-maximum) pulse duration of 45.3 fs, corresponding to 4.2 optical cycles at 3250 nm. Fig. 2(c) plots the intensity envelope and temporal phase of the idler pulses (retrieved from a phase and intensity from cross correlation and spectrum only (PICASO) [16] ). The measured pulse duration is larger than the transform limit pulse duration of 31 fs owing to the high order dispersion. At −10 dB of peak, the spectrum of signal pulses spans 1460-1573 nm, as illustrated in Fig. 2(d) . The inset of Fig. 2(d) shows the measured signal pulse intensity autocorrelation profile (the FWHM of the autocorrelation is 145 fs), resulting in pulse duration of approximately100 fs. Since the output coupler of signal is not placed in the optimum dispersion position, the measured pulse duration is about 2 times the transform limit (49 fs). Indeed, due to the ultrabroad bandwidth of the signal pulses, the output is sensitive to the optical length of the cavity. Thus, carefully detuning and optimizing of the cavity is highly demanded. The dynamics of the self-compression mechanism can be explained as following: in each cavity roundtrip, when the signal pulse starts meeting the pump pulse in the nonlinear crystal, the leading edge of signal depletes the pump strongly. This high depletion stems the amplification of the tail of the signal, and thus leads to the pulse compression [17] , [18] . In this case, the duration of the generated pulses depends on how fast pump intensity transfers from the pump into the generated pulse and on the relative group velocity of the three waves. That is to say, the optical parametric interaction length is not decided by crystal length but pump pulse duration and the group velocity difference between pump and signal pulses. Considering that for a high contrast pulse generation, we should prevent the back conversion in the parametric process. To this end, the generated short pulse should moves forward fast enough compared to the pump pulse. Consequently, the suitable group velocity mismatch is of great important for self-compression [19] , [20] . Besides, the group-velocity dispersion of OPO cavity at signal wavelength should be near zero. Otherwise the broadening of signal duration will decrease the intensity and disable the quick depletion in the edge of pump. Therefore, the key factors for self-compression process are: i) high pump depletion; ii) suitable group velocity mismatch between the pump and the generated wave; iii) the wellcompensated group-velocity dispersion of OPO cavity.
In practice, this self-compression can be also indicated by the induced spectra broadening progress in a highly depleted OPO system. The central wavelength of the pump laser is around 1037.5 nm with a 10-dB bandwidth of about 11.42 THz (41 nm). According to the ref [15] , the FHWM of the pump acceptance bandwidth (BW) is calculated to be 11.43 THz (as shown in Fig. 3(a) ), corresponding to a 10 dB bandwidth of 26 THz. In this case, the spectra components are lying within the pump acceptance BW, hence, a substantial portion of the pump spectrum could transfer to the idler. This is confirmed by the measured spectrum of both the depleted pump and the idler. As can be seen from Fig. 3(b) , almost all the spectrum components contribute to the frequency down conversion process. The measured idler shows a BW of 18.3 THz (−10 dB). Taking the group velocity difference into account, the generated signal (idler) can not only interact with the phase-matched idler (signal) spectrum components, but also the other portion of spectrum, resulting induced spectra broadening of the pump. In turn, the extended pump spectrum components can be transfer to the idler. Therefore, it is reasonable that the BW of the generated idler is a little larger than the pump acceptance BW. In contrast, if no special efforts are utilized, the system will generate idler pulses with pulse duration close to that of pump pulses [16] .
We further investigate OPO output power scaling properties as a function of the pump power at this crystal poling period. The threshold pump power is recorded to be 290 mW with a 45% output coupler. The signal and idler output average power in dependence with incident pump is shown in Fig. 4(a) . The data depict directly measured values on a commercial thermal power meter. Up to 330 mW idler power is achieved at maximum incident pump of 3.8 W, whereas the corresponding signal reaches up to 1.25 W and pump depletion is 74.7%. Note that the experimentally accessible power is approximately 44% lower due to the large transmission loss of imperfect coating of optical components and the Ge filter. Fig. 4(a) also records the long term stability of the generated idler pulses when the OPO is pumped at 3.8 W. Further, the stability of the average power is as good as 1.3% root mean square (RMS) over 30 min. The maximum conversion efficiency from pump power to the idler and signal output is 8.6% and 32.4%, and the corresponding slope efficiency is 8.8% and 33.6%, respectively. The variation pump depletion as a function of pump power is shown in Fig. 4(b) . As can be seen, when increasing pump power, pump depletion gradually increases from 40% to 74.7%.
To further confirm our conclusion, the spectra and pulse durations of output idler as a function of pump power was calculated, based on the three-coupled wave equation. Simulation parameters are selected to be consistent with our experimental conditions [12] . In this case, we use a 5-mm PPLN crystal with a nonlinear coefficient deff = 14 pm/V, as well as poling period = 30 μm. The dispersion of the cavity in the signal wavelength is supposed to be zero. Under these conditions, the simulated spectral evolution with the dependence on the incident pump power is shown in Fig. 5(a) . For comparison, the experimentally measured results are presented in Fig. 5(b) . Apparently, the spectrum of idler pulses broadens when the pump power increases. Fig. 5(c) presents the simulated and measured pulse duration of the idler as a function of pump power, respectively. When the pump power increases from 0.5 W to 3.8 W, the simulated (experimentally measured) idler pulse duration dramatically decreases from 80 fs (80 fs) to 40 fs (45.3 fs). As explained above in our theory, when the OPO system operates at a relatively lower pump power, the pulse energy transfers only from the pump to the generated pulses. When the leading edge of the signal cannot fully deplete the pump, the pulse tail can get amplified. And hence, no spectra broadening of pump would happen in this case. Strong depletion occurs while the pump power increases. And then, the cascaded nonlinear effects provide additional bandwidth for the signal and consequently self-compression is readily observed. The difference between the simulation and experiment is due to the high order dispersion induced by the dielectric mirrors. The simulation results predict that when further increasing the pump power, the signal pulse duration will continue decreasing until the GVD becomes significant within the walk-off distance. However, it's hard to realize in our experiment because this will cause damage to the PPLN crystal.
Furthermore, similar performances are achieved by operating our OPO system on another crystal poling period of 30.5 μm. In this grating period, the generated idler spectrum is shown in Fig. 6(a) , which presents a broadband idler radiation ranging from 2720 nm to 3400 nm (at −10 dB), permitting a 34 fs Gaussian transform limited pulse duration. Fig. 6 (b) plots interferometric profiles of idler pulse. Pulse duration of 49.5 fs (4.9 optical-cycle at 3040 nm) is recorded here, indicating well compressed idler pulses compared to incident pump pulses.
Conclusions
To conclude, we have demonstrated a self-compression singly resonant femtosecond OPO for few-cycle idler pulse generation in MIR based on a 5-mm long PPLN, driven by a 105 fs Ybdoped fiber amplifier system. The OPO can produce 45.3 fs (4.2-optical-cycle) centered around 3250 nm and with an ultra-broadband spectrum covering 2952-3600 nm (at −10 dB), where up to 330 mW average power are obtained. When 3.8 W of pump power is applied, the pump depletion is 74.7%. Our source directly delivers few-cycle MIR pulses without need of any prism or grating-pair compressor, and thus making the system simple compact and robust. Moreover, we are able to generate as much as 1.25 W of signal power. Theory and numerical simulation in the short pulse generation based on OPO is discussed in detail. The high power and extremely short durations of the pulses generated from the self-compression OPO mean that this unique source will allow for the new regimes of light matter interaction and supercontinuum generation in the MIR. In the next step, with modified grating poling design of nonlinear crystal and coating of optical components, it is foreseeable to further scale the output power and generate even shorter pulses.
